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ABSTRACT

This study examines the effects of the structural integrity of graphene on the thermoelectric properties of n-
type bismuth telluride alloy. Graphene/Bi,Te; ;Seo 3 composites were prepared via mechanical alloying and
spark plasma sintering techniques. Different graphene concentrations (0.05 and 0.5 wt%) and addition times
(20 hrs, 10 mins, and 1 min) were considered. The thermoelectric properties were measured, and the results
showed that the milling time affects graphene structure as well as its agglomeration. It is revealed that the
optimum time to add the two-dimensional filler is during the last phase of mechanical milling as it will
preserve graphene’s structure and boost the electrical conductivity. It is also shown that as the milling time
of graphene increases, the Seebeck coefficient improves. Even though an increase in the thermal con-
ductivity is expected due to the high electrical conductivity, a clear reduction in the lattice thermal con-
ductivity part was obtained due to the increased scattering at the new interfaces. The figure-of-merit for the
optimum sample with 0.05 wt% graphene added in the last 10 mins of milling had an improvement of 19% at

room temperature reaching a value of 0.5, and 25% at 160 °C achieving a final value of 0.81.

© 2021 The Author(s). Published by Elsevier B.V.
CC_BY_4.0

1. Introduction

One of the current state-of-the-art thermoelectric materials (TE)
used for near room-temperature applications is the bismuth-tell-
uride system. The exclusive thermoelectric properties of bismuth
telluride are due to its layered structure [1,2]. This structure results
in high mobility of charge carriers (weighted mobility of 525 cm?/
V.s), accompanied by a low lattice thermal conductivity (~1.37 W/
m K), making it a promising thermoelectric material [3]. Doping
bismuth telluride with selenium (Biy(Te;_sSes)3) gives electron con-
ducting material (n-type), and the optimized composition corre-
sponding to the highest figure-of-merit (ZT) and a low bandgap is
well-documented to be BiTe;, 7Seq 3 [4]. However, the applications of
Biy(Te _sSes)s as a TE is greatly restricted by the low performance of
ZT= 1 at room temperature [4,5]|. Addition of nanofillers to n-type
bismuth telluride matrix is one way to improve its thermoelectric
properties. Kyung et al. [6] prepared MWCNT-Bi,Te; ;Seq 3 composite
via poly-reduction method and improved the ZT from 0.28 to 0.51 at
room temperature. Kim et al. [7] improved the ZT by 17% by adding
A1203 to n-type Biz(TE()'QSEQJ )3.
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Graphene is the most well-known two-dimensional filler that has
remarkably high thermal and electrical properties reaching up to
2800 W/m.K and 200 S/m, respectively [8]. It has a zero-band gap, high
charge carriers concentration and a mobility of ~200,000 cm?/V.s [9]. In
addition, the mechanical properties of graphene accounts as a further
outstanding advantage. The theoretical values for the tensile strength
and Young’s modulus are 130 GPa and 1 TPa, respectively, which are
among the highest of all materials discovered so far [10]. Many factors
can affect graphene’s behavior as a nanofiller, including its amount,
uniformity, and structural integrity. Possessing a very brittle structure,
it is important to assure graphene’s structural integrity during the
preparation process [11].

The effect of using graphene as a nanofiller for n-type bismuth
telluride alloy has been limitedly addressed. Agarwal et al. [12]
mixed Bi,Te; powder with 0.05 wt% graphene using agate mortar
and pestle and showed improvements in ZT value. Kumar et al. [13]
also proved the ability of graphene in enhancing the ZT value upon
addition to Bi,Te; nanosheets through reflexing method. Jin et al. [9]
prepared unoxidized graphene/Bi,Te;;Segs composite through
chemical reduction method and showed improvements in ZT for
both as-exfoliated and ultrasonicated matrixes. Other studies ex-
amined the effect of different graphene concentrations (up to 10 wt
%) via wet-chemical synthesis methods [14-16] and ball milling [17].
However, up to our knowledge, there are no studies that show the
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effect of graphene’s structural integrity on the thermoelectric
properties of Bi,Te;;Seq 3.

This paper utilizes ball milling as a preparation technique to
study the effect of graphene structural integrity on the thermo-
electric properties of n-type Bi,Te,;Seq 3 alloy. This is done by pre-
paring several composites where graphene nanoplatelets (GNPs) are
added in different amounts and during various timings of the me-
chanical milling process. The thermoelectric properties of each
sample are examined and compared to a pristine bismuth telluride
alloy prepared using the same conditions.

2. Experimental
2.1. Materials and synthesis of GNP-Bi,Te, ;Seg. 3 composites

Elemental powder of bismuth (99.999%), selenium (99.5%), and
tellurium (99.99%) from Alfa Aesar were used to prepare the n-type
bismuth telluride alloy of a composition Bi,Te;;Seqs. The powders
were loaded in a stainless-steel vial under an ultra-high purity argon
atmosphere (O, < 0.5 ppm) and milled with a ball-to-powder weight
ratio of 7:1 for 20 h using an SPEX milling device (SamplePrep,
8000 M). In order to investigate the effect of milling on the structural
integrity of GNPs and the corresponding thermoelectric properties,
GNPs from Sigma-Aldrich were added to different patches of the
Bi,Te; 7Seq s at various milling time intervals (at the beginning of ball
milling; at the last ten minutes; and the last one minute).
Accordingly, four different GNP-Bi,Te; ;Seq s composites of different
GNP concentrations and addition milling time were prepared using
the same milling conditions of the pristine Bi;Te;;Seqs. A list of the
prepared samples and their milling time conditions is shown in
Table 1. Consolidation of the milled powders was carried out using a
Spark Plasma Sintering (SPS) technique. The milled powders were
loaded into a 12.7 mm graphite die and then compacted via SPS at a
pressure of 45 MPa and a temperature of 400 °C for a holding time of
10 min under a nitrogen atmosphere.

2.2. Characterization

Phase identification of the as milled powder and compacted
samples were investigated via X-ray diffraction (XRD: PANalytical,
EMPYREAN), using Cu/Ka radiation source and a wavelength of
1.54 A. The degree of crystallinity and structural defects of GNPs
were examined by Raman Spectroscopy (RS: Thermo Fisher, DXR)
using a wavelength of 532 nm and a laser power of 10 mW. The
surface morphology of milled powders was analyzed by Scanning
Electron Microscopy (SEM: Nano-SEM Nova 450, FEI-USA). The
transmission electron microscopy (TEM) analysis was used to in-
vestigate the microstructure features and the grain size of the pro-
cessed samples. The TEM analyses were carried out using an FEI
Titan™ 60-300 TEM. The TEM sample preparation was performed
using a focused ion beam (FEI Helios NanoLab™ G4 FIB/SEM) dual
system.

For the measurements of the thermoelectric properties, the
Seebeck coefficient and the electrical conductivity of the con-
solidated discs (12.7 mm in diameter and 3 mm in thickness) were
measured simultaneously using the SBA 485 Nemesis — NETZSCH.
The thermal conductivity was measured using an LFA 467 Hyper

Table 1
List of samples prepared with different GNP concentrations and addition time.

Sample Code GNP amount (wt%) GNP addition time
P-20 h 0 -

0.05GNP-20 h 0.05% at the beginning
0.05GNP-10 m 0.05% last 10 min
0.5GNP-10 m 0.5% last 10 min
0.05GNP-1 m 0.05% last 1 min
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Flash device - NETZSCH. These measurements were performed
under UHP argon atmosphere in a temperature range of 25-300
°C295-573 K. The measurements for each sample was repeated
three times, and the error bar was less than 7%. The density of the
consolidated discs was measured based on the Archimedes principle
using the Sartorius density determination kit (Sartorius YDKO3,
Germany). The density determination kit was set up using distilled
water, and the water’s temperature was monitored during the
measurement. For all the samples, the relative density was found to
be above 99%.

3. Results and discussion

The XRD results of the as milled powders for pristine and GNP-
composite samples are shown in Fig. 1a. All peaks match the X-ray
diffraction (reference code 98-024-7619) for doped n-type bismuth
telluride [18]. No graphene peaks were present in the diffraction
patterns since it was only added in small amounts. The grain size
was calculated using the Warren-Averbach model [19]:

Bua® _ A (_ B
tan’6 D\ tan8siné

+ 25(e2
)+ 25 1)
where By, is the width of the peak at half-maximum intensity, 1 is
the wavelength of the x-ray beam, ¢ is the peak position, D is the
average grain size, and ¢ is the lattice strain. Fitting pp?/tan0 vs u/
(tang sing) gave a linear regression fit of at least 0.8 for all mea-
surements. The grain size for as milled powders ranged from 17 to
19 nm (Table 2). Fig. 1b shows the XRD patterns of the same samples
after the SPS consolidation. It is observed that the XRD peaks be-
came narrower after the SPS, implying an increase in the grain size.
According to Eq. (1), the average grain size values of the consolidated
samples after the SPS range from 38 to 51 nm (see Table 2). The
increase in grain size is mainly due to the high temperature used
during compaction [20]. These XRD patterns are in good agreement
with the reported XRD of the as milled Bi;Tes powders and furnace
sintered discs reported by Ahmed et. al [17].

Fig. 2a shows the bright-field TEM image of the as milled
0.05GNP-10 m sample. It can be seen that the grains are equiaxed
and randomly distributed within the structure. The average grain
size was calculated from several dark-field TEM images (see Fig. 2b),
and the corresponding grain size distribution is shown in Fig. 2c. The
average grain size of the 0.05GNP-10 m sample is 19 + 6 nm with no
grains above 50 nm. This grain size value is similar to that de-
termined from the XRD data and comparable with the reported
values. Zhang et al. [21] reported a grain size of 10 nm for p-type
graphene/Big 4SbisTes prepared by milling and high-pressure sin-
tering. The electron diffraction pattern shown in Fig. 2d reveals the
atomic planes of the pseudohexagonal Bi,Te,;Seps nanograins,
matching well with the XRD patterns. To investigate the distribution
of graphene in the as milled 0.05GNP-10 m sample, high-angle an-
nular dark-field (HAADF) STEM imaging with EDS elemental map-
ping was performed. As shown in Fig. 3, the distribution of Bi, Te, Se,
and C is uniform throughout the sample. After the consolidation of
the as milled 0.05GNP-10 m sample using the spark plasma sintering
technique, the grain size increases due to the heat of the sintering
process. Fig. 4a shows a bright-field TEM image for the consolidated
0.05GNP-10 m sample along with the corresponding electron dif-
fraction pattern (Fig. 4b). The grain size increases after sintering;
however, most of the grains are in the range of 50-120 nm.

Fig. 5 shows the SEM images of the morphologies for the as
milled powder samples and the as-received GNPs. Fig. 5a, reveals the
typical two-dimensional layered graphene nanosheets. The pristine
BiyTe; 7Seqs in Fig. 5b shows the milled powder with different par-
ticle sizes. The GNPs were present and marked with red arrows in
samples 0.5GNP-10 m, 0.05GNP-1 m, and 0.05GNP-10 m, see Fig. 5c,
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Fig. 1. XRD patterns for pristine and GNP-Bi,Te; ;7Seq 5 composites (a) as milled powder and (b) spark plasma sintered discs, and the reference card 98-024-7619 for Bi,Te;Ses.

Table 2
Grain sizes evaluated using Warren-Averbach calculations for pristine and GNP-
BiTeSe nanocomposite samples.

Sample Code Grain Size (nm)
As milled powder Spark plasma sintered discs
P-20 hrs 19 38
0.5GNP-10 m 17 44
0.05GNP-1m 18 40
0.05GNP-10 m 18 45
0.05GNP-20 h 18 51

d, and e, respectively. It can be seen that a relatively high amount of
GNPs was realized in the 0.5GNP-10 m sample, which exhibits a
higher concentration of GNPs than that on the 0.05GNP-10m
sample. The SEM-EDS mapping of the elements in the 0.5GNP-10 m
and 0.05GNP-20 h samples are shown in Figs. 6 and 7, respectively.
These analyses confirm that the observed nanosheets in the 0.5GNP-
10 m sample are GNPs, whereas no nanosheets of GNPs were ob-
served in the 0.05GNP-20h sample. The absence of nanosheets of
GNPs in the 0.05GNP-20h sample could be attributed to the ex-
tensive milling time (20h) and the severe plastic deformation
causing fragmentation of the GNPs. Ahmed et al. [17] studied the
morphology of undoped n-type Gr/Bi,Tes revealing agglomerated
particles with clear graphene nanosheet morphologies and de-
scribed the Bi,Tes particles being wrapped by graphene nanosheets.
Similarly, Liang et al. [14]| described their composite by a large
number of graphene nanosheets coated around Bi,Tes particles.
However, it is noticed in our samples that the GNPs are located in-
between or on top of the matrix particles with variation in nanolayer
thickness.

Raman spectroscopy analysis was performed to further examine
the structural variations of the GNPs in the milled samples. Fig. 8
shows the Raman spectroscopy results for the GNPs in the composite
samples compared to the as-received GNPs. The spectra exhibit the
G and 2D characteristic bands of graphene [5,24]. The D band ap-
pears in all examined samples reflecting a level of defects within the
carbon lattice of the as-received GNPs. Table 3 shows the calculated
intensity ratio, Ig/lp, which provides an estimation for the GNPs

structural integrity. The highest I¢/Ip ratio (6.5) is for the as-received
GNPs, followed by a slightly lower value of 6.4 for the sample where
the GNPs were added at the last minute of the mechanical milling.
This suggests that GNP’s crystal structure in this sample was pre-
served. These results are in good agreement with the data reported
by Li et. al [22], where p-type Big4SbisTes was blended with gra-
phene in water and acetone, and the Raman Spectra displayed a
preserved crystal structure of graphene. The I¢/Ip ratio in the n-type
composite gradually decreases in the samples where it was added at
the last 10 min and finally diminishes to 0.7 in the sample where
GNP was added at the beginning. The I¢/Ip ratio for 0.05GNP-20 h
sample indicates that the crystal structure of GNP was completely
lost, which may explain why no GNPs were observed during SEM
analysis. The results show a clear relationship between GNP’s milling
time and its structural integrity, where the longer the milling time,
the higher the degree of milling-induced structural defects. How-
ever, these observations only are applied to mechanical milling as
the behavior of graphene will differ depending on the processing
technique. For instance, Weon et al. [5] prepared p-type graphene/
Big.36Sb164Te3 composite through melt spinning process, and the Ig/
Ip ratio was higher in the composite sample (1.16) compared to
pristine graphene (1.06). The improved crystallinity of graphene was
explained by the heat introduced during the melt spinning process.

The 2D band shows another important trend. The intensity of the
band is clearly decreasing with increasing milling time, and com-
pletely diminishes in the “20h” sample, see Fig. 8. This further
confirms the loss of GNP structural integrity due to the large amount
of defects introduced during mechanical milling [23]. In addition,
the intensity of 2D band in the as-received GNP is much lower than
the G band with an Ig/I,p ratio of 2, implying that the GNPs are
multi-layered and agglomerated [24,25]. This ratio did not change
for 0.5GNP-10m and 0.05GNP-1m samples, indicating that GNPs
here are also agglomerated and multi-layered. However, The ratio
decreased to 1.7 in 0.05GNP-10m sample, suggesting the exfoliation
of GNP to fewer layers [23,26]. Furthermore, the G band position
provides further indication of the GNP’s exfoliation. Typically, as the
number of layers decreases, the G band shifts to higher Raman en-
ergies [27,28]. Compared to the as-received GNPs, the 0.05GNP-1 m
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Fig. 2. (a) Bright-field TEM image, (b) dark-field TEM image (c) grain size distribution, and (d) diffraction pattern for the as milled 0.05GNP-10m sample.

sample did not have enough time to exfoliate (see Table 3). The GNPs
in the 0.5GNP-10m and 0.05GNP-10 m samples had similar exfolia-
tion extents. However, due to the higher amount of GNPs in the
0.5GNP-10m sample, agglomeration still exists, as the Ig/lxp ratio
suggested. The G band position is shifted the most in the 0.05GNP-
20h sample, indicating higher exfoliation of GNPs than the other
samples, which might be another reason for the absence of GNPs in
the SEM analysis, Fig. 5f. Even though milling the GNPs for one-
minute preserves its structure, it is not enough for the exfoliation to
take place. Increasing the milling time to 10 min enhances the ex-
foliation and reduces the agglomeration only in the lower GNP
concentration of 0.05 wt%. However, the structural integrity of the
GNPs breaks down for long hours of milling (20 h).

Fig. 9a shows the electrical conductivity trends for the con-
solidated discs of the pristine and composite samples. It is shown
that the electrical conductivity decreases with increasing tempera-
ture. This trend indicates a degenerate semiconductor behavior of
the materials [12-14,17]. Comparing the 0.5GNP-10m and 0.05GNP-
10m samples, which exhibit the exact processing conditions except
for the GNPs concentration, shows that the lower concentration of
GNPs results in improved electrical conductivity. High GNP content,

accompanied by agglomeration, increases the carrier scattering at
the interfaces. The induced scattering lowers the charge carriers’
mobility and contributes to the reduction of the electrical con-
ductivity [5]. This result is consistent with the reported data by Shin
etal. [5],Zhang et al. [21], and Dewen et al. [29] for doped p-type Gr/
BiSbTe composites. Assessing the effect of GNPs structural integrity
with various milling time on the electrical conductivity is shown by
comparing the results of the samples with the same content of GNPs
(0.05wt%). As can be seen from Fig. 9a, the electrical conductivity
decreases with increasing the milling time of GNPs over the entire
temperature range. This can be directly related to GNP’s structural
integrity. From Raman Spectroscopy, less milling time preserves the
GNP’s structure, hence preserving the GNP’s high electrical proper-
ties in these samples [30]. Thus, the obtained electrical property is
mainly a factor of the GNP’s amount and its structural integrity. A
combined optimization in these two factors led to a 45% improve-
ment in the electrical conductivity of the samples with lower GNPs
concentration (0.05%) that was added at the last phase of ball
milling.

The Seebeck coefficient values for the same samples are shown in
Fig. 9b. The obtained values are negative, indicating n-type
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Fig. 3. HAADF-STEM image and the corresponding EDX elemental maps showing the elemental distributions of Bi, Te, Se, and C in the as milled 0.05GNP-10m sample.

thermoelectric materials. Besides, as the temperature increases, the
Seebeck coefficient increases until the trend is reversed due to the
bipolar effect of minority charge carriers. The maximum Seebeck
achieved by all samples is at 160 °C, which agrees well with the
reported data by Zhang et al. [21] for the p-type GNP-Big4SbysTes
composites. Moreover, it can be seen from Fig. 9b that the Seebeck
coefficient values of the samples 0.5GNP-10m and 0.05GNP-10m are
pretty similar in the range of 25-160°C. However, lower GNPs
concentration in the 0.05GNP-10m sample gives higher Seebeck
coefficient values above 160 °C, which could be attributed to the
better scattering and enhanced filtering of low energy carriers. This
indicates that the 0.05% GNPs with less agglomeration could be the
reason for the enhanced electrical and Seebeck properties.

Comparing the samples with 0.05wt% GNP reveals a direct re-
lationship between the Seebeck coefficient and the GNPs’ milling
time. It is observed here that the longer the GNPs’ milling time, the
higher the absolute value of the Seebeck coefficient. Mainly,
the Seebeck coefficient is an intrinsic material property [1]. Hence,
the stability of the GNPs through the milling process affects the
structure of the final resulted material. The results show that for the
same AT, when the GNPs were milled for the longest time, a higher
thermoelectric voltage was induced [31], sample 0.05GNP-20h. This
indicates that low structural integrity and more defects in GNP
can result in enhancements in the Seebeck coefficient for
GNP- Bi,Te, ;Seq 3. The combined effect of the prior two parameters,
represented as the power factor, is shown in Fig. 9c. The optimized

Fig. 4. (a) Bright-field TEM image of the spark plasma sintered 0.05GNP-10m sample and (b) the corresponding selected area electron diffraction pattern with the indexed rings.

5
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Fig. 5. SEM images for (a) as-received graphene, (b) P-20h, (c) 0.5GNP-10m, (d) 0.05GNP-1m, (e) 0.05GNP-10m and (f) 0.05GNP-20 samples.

Fig. 6. SEM image with elemental mapping using EDS for milled 0.5GNP-10m sample.

two samples are the ones with lower GNPs concentration added
during the last phase of mechanical milling (0.05GNP-10m and
0.05GNP-1m).

The thermal conductivity measurements for these optimized
samples were performed and compared with that of the pristine
bismuth telluride sample. The results are shown in Fig. 10. It can be
seen that the total thermal conductivity values of the two composite
samples are higher than that of the pristine sample. This trend does
not agree with most graphene-based n-type bismuth telluride,
where graphene addition typically reduces their thermal con-
ductivity due to the increased scattering at the new interfaces
[12-14,17]. Therefore, the partial effect of the thermal conductivity
constituents represented as the electronic («g), the lattice vibration
(k), and the bipolar (kpipolar) thermal conductivities are calculated.
The electronic thermal conductivity is calculated according to the
Wiedemann-Franz law (k. =LoT), where L is Lorenz number of
L=2.0x10"8 V2K, 5 is the electrical conductivity, and T is the

measured temperature [9,21], see Fig. 10b. The summation of the
lattice and bipolar thermal conductivities is calculated by sub-
tracting the electronic component from the total thermal con-
ductivity (k;* Kpipolar = krotal - k£) [31] (see Fig. 10c). As presented, the
overall trend of the lattice and bipolar thermal conductivities is in
good agreement with the results reported in several studies
[12-14,17], where the addition of a nanofiller lowers the thermal
conductivity as a result of the increased scattering at the new in-
terfaces. Moreover, the bipolar thermal conductivity for the pristine
(P-20h) sample was suppressed from room temperature up to 100
¢C, as both electrons and holes are now contributing to the trans-
portation of thermal energy. However, in the sample with enhanced
GNP exfoliation (0.05GNP-10 m), the bipolar effect is suppressed for
a higher temperature range (up to 140 ¢C), which indicates the ability
of GNP to filter the minority carriers (holes) at high temperatures.
On the other hand, the electronic thermal conductivity is probably
the reason for the increase in the overall thermal conductivity. This
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Fig. 7. SEM image with elemental mapping using EDS for milled 0.05GNP-20h sample.

Fig. 8. Raman Shift for the GNP-Bi,Te, ;Sep 3 composite samples.

Table 3
Ig/Ip and Ig/Ipp ratios and G band position of the prepared composites obtained from
Raman Shift measurements presented in Fig. 8.

Sample Intensity Ratio Band Position
Ie/Ip Ic/l2p G

GNP 6.551 2.010 1566.8

0.5GNP-10 m 2.518 2.062 1575.8

0.05GNP-1m 6.351 2.075 1568.8

0.05GNP-10 m 4413 1.759 1572.9

0.05GNP-20 h 0.732 - 1583.2

is mainly because the electronic thermal conductivity part is directly
proportional to electrical conductivity [21], which was high in these
samples (Fig. 9a) due to the preserved structure of GNP with less
agglomeration.

The figure-of-merits, shown in Fig. 10d, reveal significant en-
hancements in the GNP-Bi,Te, ;Seq 3 composites. As can be seen, the
ZT values of the composite samples are higher than that of the
pristine bismuth telluride throughout the whole temperature range.
At room temperature, the GNPs addition in the 0.05GNP-10m and
0.05GNP-1m samples improved the ZT value to be 0.45 and 0.5,
respectively. Both values are higher than that of the pristine bismuth
telluride (0.4). Besides, the maximum enhancement of the ZT values
was obtained at a temperature of 160°C and reached 0.81 for the
0.05GNP-10m sample. This ZT value represents about 25% en-
hancement above that of the pristine bismuth telluride. A compar-
ison of these results to other studies using graphene filler along with
n-type bismuth telluride mainly shows better overall improvements.
Ahmed et al. [17] obtained a maximum ZT value of 0.29 at room
temperature and 0.55 at 227 °C using 1 wt% reduced graphene oxide.
Liang et al. [14] reached 0.21 for the figure-of-merit of the optimum
sample containing 0.2 vol% reduced graphene nanosheets. Kumar
et al. [13] obtained a maximum ZT of 0.35 at 70 °C using reduced
graphene oxide. However, Agrawal et al. [32] prepared their com-
posite with 0.05 wt% graphene monolayer and undoped n-type bis-
muth telluride, getting a high ZT at 130°C of 0.92 compared to 0.68
for the pristine. The sample was simply prepared by mixing via agar
and mortar, leading to a high ZT reached through improving the
Seebeck coefficient parameter rather than electrical conductivity.

Fig. 9. (a) Electrical conductivity, (b) Seebeck coefficient, and (c) power factor trends for the pristine and GNP- Bi,Te,;Sep3 composite samples.
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Fig.10. (a) Total thermal conductivity, (b) electronic thermal conductivity, (c) lattice and bipolar thermal conductivities and (d) ZT for the pristine and optimized GNP-Bi,Te; ;Seq 3

samples.

4. Conclusion

Graphene-Bi,Te, ;Segs composites were prepared through ball
milling and spark plasma sintering techniques. In order to study the
effect of the GNPs structural integrity on the thermoelectric properties,
GNPs were added at different times (last 1 min, last 10 mins and for 20
hrs) to different GNP-Bi,Te,;Segs samples containing either 0.05 or
0.5 wt% GNP. The average grain size of the as milled powders was es-
timated from the TEM analysis to be in 17-19 nm range with no grains
above 50 nm. After consolidation using SPS, the grain size increases to
the range of 50-120 nm. SEM revealed GNP nanosheets in the samples
of short GNP milling time (1 and 10 min), but not in the 20 h milled
sample. Raman Spectroscopy showed that (i) longer milling time of
GNP increases milling-induced structural defects, (ii) milling GNPs for
one-minute preserves its structure without exfoliation, (iii) increasing
the milling time enhances the exfoliation and reduces agglomeration
only in the lower concentration of 0.05wt%, and (iv) the structural
integrity of the GNPs breaks down with long hours of milling ex-
plaining why no nanosheets were observed in the SEM analysis. These
observations had a significant effect on the thermoelectric properties.
The electrical conductivity of higher GNP concentration was low due to
the agglomeration and increased scattering of charge carriers. On the
other hand, decreasing the milling time of GNPs enhanced the elec-
trical conductivity as it preserves the GNP's structure and its high
electrical conductivity. Low structural integrity and high defects im-
proved the Seebeck coefficient as the milling time of GNPs increased.
The thermal conductivity of the samples was dominated by the elec-
tronic part due to the high electrical conductivity of the optimized
samples with less agglomeration. However, a noticeable reduction of
the lattice thermal conductivity was observed due to the enhanced
scattering at the new interfaces. As a result, GNP addition improved the

ZT value in the composite samples compared to pristine Bi;Te;Seqs.
The optimum sample of low graphene concentration of 0.05 wt% added
during the last 10 min of mechanical milling improved the ZT at room
temperature to 0.5 (19% higher than pristine) and at 160 °C to 0.81 (25%
higher than pristine) due to the preserved structural integrity of gra-
phene with low agglomeration.
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